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SILICON OXIDE FIIMS GROWN AM> aEPOSITED 
UY A MICROWAVE DISCHARGE 

J. Kraitchman and R. M. Handy 
West inghouse Research Laboratories 

Pittsburgh, Pennsylvania 15235 

SUMMARY 

The growth and deposition of s i l i con  dioxide i n  a microwave 

discharge w a s  investigated. The oxide growth can be characterized by 

a rate l imit ing diffusion process modified by sput ter ing e f f ec t s  pro- 

duced by the discharge. Analysis of the growth behavior leads t o  the 

conclusion t h a t  a l imit ing oxide thickness is obtained a t  i n f i n i t e  

time. 

s i l i c o n  at  temperatures estimated to  be 500°C o r  lower. 

temperatures growth rates corresponding t o  steam oxidation r a t e s  a t  

1100°C can be obtained. 

The growth process provides a technique f o r  rapidly oxidizing 

A t  these l o w  

Etch rate, infrared spectra, breakdown strength,  and resis- 

t i v i t y  measurements indicate t h a t  the high qual i ty  oxides produced by 

t h i s  process have properties which a re  f o r  the most par t  indistinguish- 

able from those of thermal grown oxides. MOS capacitance measurements 

indicate the oxides are qui te  stable under temperature-bias stressing. 

These measurements also show t h a t  the small s h i f t s  observed i n  the C-V 

charac te r i s t ics  are  not due t o  the motion of mobile ions i n  the  oxide. 



The deposition technique provides a process f o r  rapidly 

depositing s i l i con  dioxide t o  any desired thickness a t  a constant 

deposition ra te .  Etch rate, infrared spectra,  breakdown strength,  and 

r e s i s t i v i t y  measurements show tha t  i n  these properties the deposited 

oxides are indistinguishable from those of thermal oxides. 

MOS f i e l d  e f f ec t  t rans is tors  fabr icated from both microwave 

grown and deposited oxides on p-type s i l i con  behaved as depletion mode 

t rans is tors .  The devices could a l s o  be operated i n  the enhancement 

mode. 

t o  tha t  of commercially available MOS f i e l d  e f f ec t  t r ans i s to r s  made using 

thermally grown oxides. 

In general the charac te r i s t ics  of these devices were very s imilar  
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IIVTRODU2TION 

Si l icon dioxide films are used f o r  a var ie ty  of purposes 

i n  the fabricat ion of s i l i con  devices. 

produced by thermal oxidation of s i l i con  substrates.  

processes t h a t  occur during oxide growth probably assist i n  achieving 

t h i s  high quali ty.  

lo00 A i n  reasonably short  periods of time, the oxidation m u s t  be per- 

formed a t  high temperatuRs. The high temperatures involved i n  t h i s  

process are undesirable f o r  a number of reasons, e.g., red is t r ibu t ion  

of p r io r  diffusion f ronts  may occur, dislocation dens i t ies  tend t o  

increase, and lifetime may suffer. 

Very high qual i ty  oxides are 

The f l a w  seeking 

However, i n  order t o  produce films thicker  than 

E lec t r i ca l  discharges have been used t o  produce oxide films 

a t  l o w  temperatures. 

o f f e r  much promise of achieving the moderately thick f i l m s  required 

i n  maqy device applications. 

denser plasma produced i n  a microwave discharge, films thicker  than 

1000 A can be rapidly produced. The purpose of t h i s  investigation 

was t o  determine the poten t ia l i t i es  of the microwave discharge technique 

as a process f o r  producing oxides f o r  various device applications and, 

i n  par t icu lar ,  f o r  c r i t i c a l  device applications such as metal-oxide- 

s i l i c o n  f i e l d  e f f ec t  t rans is tors .  

of the oxides obtained by t h i s  technique w e r e  investigated. 

Oxidation i n  a dc discharge’ does not appear t o  

Recently it has been shown t h a t  i n  the 

2 

The growth behavior and the properties 

Deposition techniques, e .g. sputtering, o f f e r  another method 

of producing s i l i c o n  oxide films and are of i n t e re s t  f o r  a number of 



reasons.  

other than s i l icon .  Thick films can be obtained more rapidly since 

the deposition rate i s  usually independent of thickness. In  thermal 

oxidation the growth rate is essent ia l ly  inversely proportional t o  

the  th ickness .  None of the substrate  is  consumed by a deposition 

process. I n  oxide growth, s i l i con  is  consumed, and with a doped 

substrate  impurities are introduced in to  the oxide. While the in t ro-  

duction of a small amount of impurities would not be expected t o  

produce large changes i n  the oxide properties,  it is  not known at  

present how s igni f icant  t h i s  e f f ec t  may be i n  c r i t i c a l  devices 

applications. 

They can be used t o  deposit s i l i con  oxide on substrates  

With the dc react ive sput ter ing techniques it has been 

necessary t o  employ rather  low deposition rates i n  order t o  obtain 

s i l i con  dioxide with the desired stochiometry. The denser plasma 

produced by a microwave discharge has been shown3 t o  be capable of 

depositing s i l i con  oxide fi lms a t  very high rates. Based on these 

promising preliminary results, t h i s  technique w a s  used t o  deposit  

s i l i con  oxide and the propert ies  of these oxides investigated.  
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OXIDE GROWTH APPARATUS 

The apparatus used t o  grow s i l i c o n  oxide on a s i l i c o n  sub- 

s t r a t e  i n  a microwave discharge i s  shown in Figure 1. The quartz 

discharge tube, except when otherwise spec i f ica l ly  mentioned, had an 

11 mm bore. A tapered matching waveguide sect ion was used t o  couple 

power t o  the discharge tube from a 2.4 kMc/sec microwave generator 

with a power output variable between 500 and lo00 w a t t s .  

It has been previously shown t h a t  i n  dc discharges’ and 

microwave discharges2 the oxidation r a t e  is enhanced if a posi t ive 

dc poten t ia l  is applied t o  the sample. Two electrodes were inser ted 

i n  t he  discharge tube solely f o r  the purpose of enhancing the  rate of 

oxidation. The lower electrode acts both as the anode and the  sample 

pedestal. The upper electrode in  t h i s  system serves t o  complete the  

dc c i r cu i t ;  being cathodic it can also behave l i k e  a sput ter ing t a rge t .  

To prevent sputtered material  from reaching the sample, the spacing be- 

tween the  electrodes w e r e  made large.  A t  a pressure of 100 p, the 20 cm 

spacing used between the  two electrodes i n  th i s  apparatus corresponds t o  

a distance of about 200 mean f r ee  paths. 

t he  cathode should be scat tered t o  the  w a l l s  before reaching the  sample. 

Thus, material sputtered off 

The electrodes are a potent ia l  source of contamination. To 

minimize the problems from t h i s  source, s i l i c o n  rods (gmm in diameter) 

w e r e  used as the electrodes.  Impurities driven from the w a l l s  of the 

discharge tube due t o  bombardment of the w a l l s  by energetic species i n  

the  discharge, serve a s  another potent ia l  source of contamination. To 
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Fig. 1 Microwave discharge system for oxide growth. 
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minimize contamination from t h i s  source the apparatus was operated 

as a dynamic flow system w i t h  oxygen being metered i n t o  the  system 

through a needle valve. 

In  the dynamic system both the flow rate and pressure in- 

fluence the discharge charac te r i s t ics .  Pressure measurements in this 

system w e r e  made a t  the ou t l e t  end of the discharge tube. Under con- 

d i t i ons  of constant ou t l e t  pressure, the pressure i n  the main body of 

the discharge tube increases w i t h  flow rate. The pressure i n  the main 

body of the discharge tube can be estimated f r o m  the appearance of the 

discharge. Under conditions of constant flow rate, ou t l e t  pressure 

and microwave input power, the reproducibil i ty achieved i n  overa l l  

system performance was  the same under dynamic and s t a t i c  conditions. 



MPERIMEWAL CONSIDERA!l'IONS 

I n  a typ ica l  experiment a 6 x 6 mm square s i l i c o n  wafer w a s  
-6 placed on the  sample pedestal  and the system evacuated t o  the  10 t o  

lo-'' t o r r  range. 

the out le t  pressure adjusted t o  150 p Hg.  

adjusted t o  del iver  about 600 watts, the electrodeless  microwave d i s -  

charge produced a pale red oxygen plasma i n  the discharge tube. 

these conditions the volume of the plasma w a s  suf f ic ien t  t o  immerse 

both s i l i con  rods (and the sample) i n  the plasma. Oxide growth w a s  

observed on the sample and on both s i l i c o n  rods. 

Oxygen w a s  metered in to  the  system at 50 cc/min and 

With the  microwave generator 

Under 

A t  higher pressures the plasma became a deeper red j  at  lower 

pressures it gradually changed over t o  a bluish-white. A t  pressures 

below about 10 p it w a s  impossible t o  maintain a discharge i n  the tube. 

The volume occupied by the discharge increased as the  pressure was 

reduced. 

With other conditions constant, increasing the  microwave 

input power increased the volume occupied by the discharge without 

s ign i f icant ly  changing tke appearance of the discharge. This result 

suggested t h a t  var ia t ion  i n  the microwave power input d id  not produce 

s ignif icant  changes i n  tk plasma density,  but only i n  i ts  t o t a l  volume. 

The most s ign i f icant  e f f ec t s  produced by changes i n  the flow 

rate were ones t h a t  could be a t t r i bu ted  t o  the accompanying changes i n  

the pressure of the discharge. Suf f ic ien t  experimental da ta  is not 

available t o  predict  the e f fec ts  of flow rate under conditions i n  which 

the discharge pressure i s  held constant.  

8. 
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The oxygen plasma produced by the microwave discharge con- 

t a i n s  about equal concentrations of negative and pos i t ive  exci ted 

species i n  addi t ion t o  exci ted neut ra l  species. 

and pos i t ive  ions the oxygen plasma contains a va r i e ty  of negative ions, 

e.g., 0-, O2 ,03. However, the r e l a t ive  populations of these various 

species and t h e i r  var ia t ions with plasma conditions have not been in-  

vest igated in  su f f i c i en t  d e t a i l  

the  oxidat ion behavior. 

In  addi t ion t o  e lec t rons  

- -  

t o  b e  used as a bas is  f o r  - z ing  

Changes in  the appearance of the  plasma with pressure pro- 

vides a usefu l  way of estimating the  pressure of the  discharge. Most 

of the  l i n e s  and bands of the oxygen spec t ra  occurring i n  the  v i s i b l e  

region are due t o  atomic oxygen t rans i t ions  o r  t r ans i t i ons  i n  the  first 

4 4 + 
Q U 2 negative system ( I 3 r ) of 0 ions. The observed color  changes in  

the  plasma appear t o  be due t o  var ia t ions in the in t ens i ty  of various 

bands of t h i s  first negative system of 0 with pressure. 2 
+ 

The w a l l s  of a discharge tube a c t  as both a recombination 

surface and a perturbing influence on the plasma. 

ve loc i ty  is  considerably higher than the pos i t ive  ion veloci ty ,  more 

e lec t rons  than pos i t ive  ions w i l l  s t r i k e  an uncharged surface.  The 

surface w i l l  eventually assume a negative po ten t i a l  such t h a t  equal 

numbers of e lec t rons  and posi t ive ions reach it. Thus, the  w a l l s  of 

a discharge tube are a t  a negative po ten t i a l  with respect t o  plasma. 

As a result of t h i s  negative poten t ia l  the w a l l s  are covered by a pos i t ive  

ion space charge sheath. 

Because the  e lec t ron  

9.  
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The s i l i c o n  rods i n  the discharge tube are essent ia l ly  la rge  

An insulated probe behaves i n  a manner similar t o  the  Langmuir probes. 

tube walls and a l so  assumes a negative poten t ia l  ( i t s  insulated poten t ia l )  

with respect t o  the plasma. 

negative with respect t o  i ts  insulated potent ia l ,  the current t o  it w i l l  

be l imited by the random posi t ive ion current density i n  the plasma and 

fur ther  increases i n  the negative poten t ia l  w i l l  only e f f ec t  the thickness 

of the  posit ive ion space charge sheath. 

t o  i t s  insulated poten t ia l  (but s t i l l  negative with respect t o  the  plasma), 

the  electron current t o  the probe exceeds the posi t ive ion current.  

the  probe poten t ia l  i s  made equal t o  the plasma po ten t i a l  a la rge  net 

e lectron current w i l l  flow, equal t o  the difference between the large 

random electron current and the s m a l l  random posi t ive ion current.  A t  

t h i s  po ten t ia l  the space charge sheath disappears .” 

When an ideal probe i s  made su f f i c i en t ly  

When made posi t ive with respect 

When 

The s i l i con  rods i n  the discharge tube form a double probe 

The net probe current which can flow i n  a n  idea l  double probe system. 

system w i l l  be limited (as long as the applied po ten t i a l  is  not high 

enough t o  produce secondary ionizat ion)  by the random pos i t ive  ion current.  

With increasing applied poten t ia l ,  the  anode tends t o  approach plasma 

potent ia l ,  but always remains a t  a po ten t i a l  somewhat negative with 

respect t o  the plasma. Under these conditions, t he  space charge sheath 

surrounding the anode remains posi t ive,  and the  pos i t ive  ion current t o  

* 
A more de ta i led  discussion of probe theory can be found i n  standard 
tex ts  on gas discharges, e.g., J. D. Cobine, “Gaseous Conductors” 
(Dover Publications, Inc., New York, 1958). 
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the  anode is of about the  same magnitude as the  pos i t ive  ion current  

t o  the cathode. The applied poten t ia l  d i s t r ibu te s  i t s e l f  with most of 

i t s  po ten t i a l  dropped across the  space charge sheath adjacent t o  the  

cathode. 
J 

The magnitude of the electron current  flowing t o  the anode is, 

under these conditions, approximately twice t h a t  of t he  pos i t ive  ion 

current flowing t o  t h i s  electrode. 

The perturbing influences of a probe on a plasma are readi ly  

observable i n  the  experimental apparatus. When the s i l i c o n  rods are 

immersed i n  the plasma, a white glow f i l l s  the region surrounding them. 

The addi t ional  perturbing influence of an ex terna l  applied dc po ten t i a l  

manifests itself by an increase i n  i n t ens i ty  and volume of the  region 

occupied by t h i s  white glow. Similar perturbations can be produced by 

other  means and w i l l  be d i scussed la t e r .  

When a dc po ten t i a l  of between 200 and h 0  vo l t s  i s  applied 

between the s i l i c o n  rods, violent  random sparking is occasionally ob- 

served at  the cathode. 

been allowed t o  bui ld  up on the  cathode. 

This sparking is  only observed i f  an oxide has 

2 It has been suggested that 

sparking i s  due t o  e l e c t r i c a l  breakdown which occurs when the  pos i t ive  

surface charge on the oxide becomes la rge  enough t o  produce a f i e l d  

across  the oxide which exceeds the breakdown strength of t h e  oxide. 

Sparking can be prevented if the  cathode is clean, i.e., has no v i s i b l e  

oxide i n  it, and the  external  po ten t ia l  is applied when the oxidation i s  

s t a r t e d .  Under these conditions heavy pos i t ive  ion bombardment on the 

end surface of the  cathode prevents any appreciable oxide build-up. Some 

ll. 



oxide formation is observed on t h e  s ides  of the cathode, but apparently 

the ra te  of posi t ive surface charge accumulation on the s i d e s  is  not 

suf f ic ien t  t o  produce a f i e l d  exceeding the breakdown strength of the 

oxide. 

achieved by using a constant current source. 

When large applied poten t ia l s  are used, more s tab le  operation is 

The temperature of the sample being oxidized can only be 

estimated ra ther  crudely. 

temperature must be less than 700°C. 

must be greater  thar?. the measured temperature of the lower end of the 

sample pedestal  ( 1 5 0 ° C ) .  Other temperature measurements show t h a t  with 

600 watts microwave power, a flow rate of 50 cc/min, and a pressure of 

150 p, the  outside w a l l s  of the discharge tube reach a temperature of 

450°C n e a r  the  tapered matching waveguide sect ion and 4 0 0 ° C  near the  

upper end of sample pedestal .  Because of the cooling provided by the 

s i l i con  support it would be expected t h a t  the sample temperature would be 

equal t o  o r  less than the w a l l  temperature. However, w e  must consider the  

thermal contact between the sample and the sample pedestal .  The following 

indicates t h a t  it is  qui te  poor. The growth rate on top of the sample 

pedestal i s  s ign i f icant ly  lower than on the sample. When a t h i n  piece 

of glass i s  interposed between the sample and sample pedestal ,  only a 

s l i g h t  increase i n  growth rate on the  sample i s  observed. Application of 

a l a r g e  rf poten t ia l  t o  the sample pedestal  heats  the  sample t o  incandes- 

cence (about 1000°C) bu t  not the sample pedestal  ( l e s s  than '700°C). 

it seems reasonable t o  assume the  sample i s  not s ign i f icant ly  cooled by 

the s i l i con  Support and i t s  temperature should be approximately equal t o  

the w a l l  temperature of the tube i n  i t s  v i c in i ty .  

Pyrometric observation shows t h a t  the Sample 

Conversely the sample temperature 

Hence, 

12. 
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O X I I E  GROWTH BEHAVIOR 

As long as the  sample is a e r s e d  i n  t he  plasma, var ia t ions 

i n  the microwave power l e v e l  do not s ign i f i can t ly  influence the growth 

r a t e  except f o r  e f f ec t s  t ha t  m i g h t  be a t t r i bu ted  t o  s m a l l  changes i n  

the plasma density and temperature of sample. 

Figure 2 i l l u s t r a t e s  the results of growth rate s tudies  with 

a microwave power of 600 watts, an oxygen flow rate of 50 cc/min,and a 

pressure of 150 p. 

applied t o  the s i l i con  rods i s  shown by the  curve A. The enhancement 

i n  the  oxide growth r a t e  obtained using external ly  applied voltages (V ) 

i s  i l l u s t r a t e d  by the  two remaining curves i n  t h i s  figure. Curve B shows 

the  oxide growth behavior when a poten t ia l  of V 

between the  s i l i con  rods. 

current  source adjusted t o  de l iver  100 ma is  connected t o  the  s i l i c o n  

rods (poten t ia l  across rods approximately 300 v) is shown by curve C. 

The r a t e  of oxide growth when no ex terna l  voltage i s  

dc 

= 50 vo l t s  is  applied dc 

The oxide growth behavior when a constant 

The perturbing e f f ec t s  i n  t he  plasma produced by the  applica- 

t i o n  of an external ly  applied voltage (as manifested by the  white glow 

region surrounding the  sample) can be produced by o ther  means. 

example, a s p l i t  non-magnetic m e t a l  r i ng  clamped around the  outside of 

the  discharge tube so t h a t  it encircles  the top surface of t h e  sample 

pedes ta l  produces an increase i n  the in t ens i ty  and volume of the  w h i t e  

glow region. 

i l l u s t r a t e s  the  growth behavior using the ring. 

growth behavior both without an externally applied voltage and with an 

ex te rna l  dc po ten t i a l  of 50 v o l t s .  Comparison of t h i s  curve with curve C 

For 

A n  enhanced oxide growth rate is  a l s o  obtained. Figure 3 

Curve A represents t he  

1 3  
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Fig. 2 Oxide growth in a microwave discharge. Microwave input 
power: 600 w a t t s ;  oxygen flow rate: 50 cc/min; pressure: 
150 p.  Circles  : no ex terna l ly  applied poten t ia l .  T r i -  
angles: 50 v external ly  applied poten t ia l ;  sample pedestal  
posi t ive.  Squares : 100 ma externa l ly  applied current  j 
external  po ten t i a l  approximately 300 v; sample pedestal  
posi t ive.  Sol id  curve : ca lcu la ted  using Eq. ( 2 )  and the  
constants i n  Table I. 
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of Figure 2 indicates t ha t  a higher growth rate can be achieved at  

= 0 using the ring tha t  can be obtained a t  V = 3 0 0 ~  without the 
'dc dc 
ring. Curve B i n  Figure 3 shows the  oxide growth rate obtained using 

the r ing when a constant current source set t o  100 ma i s  connected t o  

the s i l i con  rods (Vdc N 3 0 0 ~ ) .  A fi lm approximately 6OOO A thick w a s  

grown in 60 minutes under these conditions. About 300 minutes at 1 3 0 0 ° C ,  

o r  about lo00 minutes a t  llOQ°C would be required t o  thermally grow an 

oxide of th i s  thickness i n  dry oxygen at 1 a t m  pressure. 

a t  1 atm pressure, a temperature of ll00OC would be required t o  thermally 

grow an oxide of th i s  thickness i n  60 minutes. 

Even i n  steam 

To fur ther  study the growth behavior i n  the microwave dis- 

charge, oxidations w e r e  a lso carried out on s i l i con  wafers tha t  had 

been previously thermally oxidized. 

obtained on samples which had a thick thermal oxide of about 10,OOO A. 

Instead of growing thicker these oxides became thinner. 

10,000 A oxide m i g h t  lose  400 A i n  an hour. 

i n  addition t o  growth i n  the discharge, bombardment by energetic species 

i n  the discharge simultaneously sputters-off oxide. W e  w i l l  return t o  

t h i s  sputtering e f f ec t  again i n  our analysis of the growth behavior. 

A ra ther  interest ing result was 

Ty-pically a 

These results suggest t ha t  

Oxides w e r e  grown on low (0.1 -?:-cm) and high r e s i s t i v i t y  

(SO .'l-cm) n- and p-type s i l icon.  No s ignif icant  differences i n  the growth 

behavior were observed as a function of r e s i s t i v i t y  o r  type.  

The e f fec t  of pressure on the oxide growth rate w a s  investi-  

gated under s t a t i c  conditions using a microwave power of 600 w a t t s  and 

without applying an external voltage. A t  pressures below about 40 w no 



Fig. 3 Oxide growth i n  a microwave discharge using an external  r ing.  
Microwave input power: 600 w a t t s ;  oxygen flow rate: 50 cc/min; 
pressure: 150 p. Triangles: 50 v ex terna l ly  applied potent ia l ;  
sample pedestal posi t ive.  Squares: 100 m a  external ly  applied 
current; external  po ten t ia l  appraximately 300 v; sample pedestal  
posi t ive calculated using Eq. (2) and the con- 
stants i n  Table I. 

Sol id  curve: 
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signif icant  growth was observed. A broad maximum i n  growth rate occurred 

i n  the range from about 150 t o  700 p. 

rate falls  off. The significant changes i n  the appearance of the discharge 

make it relat ively simple t o  adjust conditions i n  the flow system so t ha t  

the pressure i n  the discharge tube is within the region corresponding t o  

the broad maximum in  the growth rate. 

and 3 correspond t o  operation i n  th i s  region. 

A t  pressures above th i s  the growth 

The results s h m  i n  Figures 2 



OXIDE UNLFORMITY 

While it has been possible t o  grow on occasion oxides of 

ra ther  uniform thickness, e.g., an oxide 2000 A th ick  up t o  the very 

edge of sample where the thickness i s  about 1800 A, it has not been 

possible t o  do t h i s  reproducibly. 

region covering 50-75$ of the sample area w a s  uniform on samples 

comparable i n  s i ze  t o  sample pedestal .  

were usually about 1000 A thinner than the cen t r a l  region. 

occasions oxides w i t h  a val ley type of pa t te rn  were obtained i n  which 

the  oxide i n  the region surrounding the th icker  uniform cen t r a l  por- 

t i o n  was also slightly thinner  than the oxide a t  the  sample edges. 

More typ ica l ly  only the cen t r a l  

The edges of such samples 

On some 

For samples comparable i n  s i ze  t o  sample pedestal  the  con- 

tou r  l i n e s  of oxide thickness follow the  shape of the specimen. This 

w a s  not t rue  of samples of very s m a l l  s i ze ,  i.e.,about 1 mm square. 

For example, if  a number of these s m a l l  samples were placed at random 

sites on the sample pedestal  and simultaneously oxidized, a var ie ty  of 

growth pat terns  were observed. Some of the s m a l l  samples were very 

uniform throughout. Others had two regions of uniformity, but of 

different  thickness, with a sharp l i n e  of demarcation between them. 

S t i l l  o thers  had very non-uniform pa t te rns  bearing no re la t ionship  t o  

the  shape of the specimen. 

This aspect of the oxidation growth behavior w a s  also in- 

vestigated i n  a discharge tube of somewhat d i f f e ren t  design than the 

one shown i n  Figure 1. I n  t h i s  discharge tube the  c e n t r a l  sect ion also 

18. 



had an ll xun bore (6 cm long), but the two end sections had a 27 mm 

bore. Oxidation s tudies  were made using electrodes of the same size 

as those used i n  the first tube (9  mm dia)  and with la rge  electrodes 

(25 mm dia)  . 
oxidized. The results w e r e  not encouraging. Growth rates were s i g -  

ni f icant ly  lower i n  t h i s  tube even a t  a microwave power of loo0 w a t t s .  

The lower plasma density i n  the large bore tube may account f o r  t h i s .  

The use of a r ing  gave no s ignif icant  enhancemnt i n  the growth rate 

with t h i s  tube. Uniform oxide thickness w a s  not obtained. 

Large s i l i c o n  wafers (25 mm dia)  and smaller wafers w e r e  

The oxidation process i n  a microwave discharge is  not well 

enough understood t o  explain the various growth pat terns  observed. 

Perturbations i n  the plasma dis t r ibut ion and configuration t h a t  occur 

adjacent t o  the sample surface may be responsible. 

t i ons  are not uniform, differences i n  the thickness of space charge 

sheath, the density of space charge i n  the  sheath, and differences i n  

the  recombination r a t e  of species a t  the sample surface may result. 

Inhomogeneities of th i s  s o r t  would be expected t o  become more pro- 

nounced as the sample edges are approached. 

e f f e c t s  are manifested by a more intense white glow a t  the edges of the  

sample. The most uniform oxides were obtained when t h i s  white glow was 

most intense (using 300 v bias) and most uniform across the sample 

surface.  

non-uniformities i n  the in tens i ty  of t h i s  white glow over the sample 

surface,  we were unable t o  correlate these non-uniformities with the 

r e su l t i ng  growth pattern.  

If these perturba- 

Experimentally these edge 

However when we have on occasion observed what appeared t o  be 



ANALYSIS OF GROWTH BEHAVIOR 

I n  many of t he  ear l ier  investigations of t he  thermal oxidation 

of s i l i con  the  experimental da ta  was analyzed using a parabolic rate 

lad. 

4 on a linear-parabolic rate expression. A rate expression of t h i s  form 

das or ig ina l ly  suggested on the basis of a model i n  which the oxidation 

r a t e  dould be l imited by a boundary reaction a t  t h e  beginning and 

become diffusion l imited a t  l a t e r  stages.  

More recently attempts have been made t o  analyze the  data based 

5 

dhile it appears that a sa t i s f ac to ry  ana lys i s  of the  steam and 

,Jet thermal oxidation of s i l i c o n  can be made using the  l inear-parabolic 

r a t e  expression, ce r t a in  d i f f i c u l t i e s  arise when t h i s  rate l a d  i s  used 

t o  analyze the d ry  thermal oxidation of s i l i con .  

analysis  leads t o  the conclusion that an oxide about 2 0 0 A  th ick  i s  present 

before the oxidation i s  started. This u n r e a l i s t i c a l l y  large i n i t i a l  

thickness has been in te rpre ted  as implying an i n i t i a l  rapid oxidation 

process. While t h i s  conclusion appears t o  be supported by measurements 

made a t  the ea r ly  s tages  of oxidation of s i l i c o n  a t  7OO0C, it a l s o  i n d i -  

ca tes  that  a d i f f e ren t  and probably more complicated rate expression 

than linear-parabolic form i s  required t o  f i t  both t h e  i n i t i a l  and la te r  

s tages  of t he  oxidation process. 

I n  pa r t i cu la r  t h i s  

4 

These r e s u l t s  suggest that a complicated rate expression w i l l  

a l s o  be required f o r  a detailed ana lys i s  of the oxidation behavior i n  a 

micro.y.ave discharge. Such a de ta i l ed  ana lys i s  w i l l  not be attempted here. 

Instead, we ,):ill assume that the  growth behavior i s  e s s e n t i a l l y  parabolic, 
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with the most s ignif icant  deviations being due t o  the sputtering effect 

previously noted. 

sputtering process i s  constant, the simple parabolic growth expression 

is  modified t o  the form 

If ve fur ther  assume that the  rate of removal by this  

where x i s  the thickness, t the time, k 

constant, and s the sputtering r a t e  constant. 

grobth r a t e  becomes zero. This indicates t h a t  a t  i n f i n i t e  t i m e  the  oxide 

the usual parabolic rate 
P 

\&en (k /2x)-s = 0, the 
P 

asymTotically approaches a l imit ing thickness given by xL = k /2S. I n  
P 

comparison the simple parabolic expression, i . e . ,  s = 0 i n  EA. (l), 

implies an i n f i n i t e  thickness a t  i n f i n i t e  t i m e .  

Equation (1) can be integrated t o  yield the expression 

where xo i s  the oxide thickness at  t = C. Somewhat b e t t e r  insight  t o  

the physical significance of 3q. ( 2 )  can be obtained by expanding the 

logarithmic term. For the case i n  which x < x e.g., the  olddation 
0 L’ 

of a bare s i l i c o n  substrate,  t h i s  expansion gives 

1 2 2  4 s  3 t = r ( x - x  ) + 5  T ( X  - x 3 ) + . . .  
0 k 0 

P 
P 

( 3 )  

plus higher order terms. 

equation reduces, as expected, t o  the simple parabolic r a t e  expression. 

It i s  now easy t o  see that i f  s = 0, the  

21. 



When the  experimental da t a  shown i n  Figs. 2 and 3 i s  p lo t t ed  

on an x versus t representation, the deviations from l i n e a r i t y  are i n  

the d i rec t ion  predicted by Eq. (3) .  This i s  shown i n  Fig. 4, where the 

data of Fig. 2 has been p lo t t ed  i n  t h i s  x versus t representation. A 

simple parabolic rate expression should y ie ld  a s t r a igh t  l i ne .  It can 

be seen t h a t  f o r  small thicknesses, the data points do f a l l  on a 

s t r a i g h t  l i ne ,  

much larger  than s, cf. ,  E q .  (1). 

and the  deviations from the s t r a igh t  l i n e  behavior should increase.  

This can be seen i n  Fig. 4. 

2 

2 

This i s  t o  be expected, s ince i n i t i a l l y  k /2x w i l l  be 

A s  growth proceeds k /2x decreases 
P 

P 

The da ta  shown i n  Figs. 2 and 3 have been f i t t ed  t o  Eq. (2)  

assuming x = 0. The rate constants obtained are shown i n  Table I. The 

so l id  curves, shown i n  Figs. 2 and 3 have been calculated using the  con- 

s t a n t s  i n  Table I. The f i t  i s  within the  experimental accuracy of the  

data. 'dhile it i s  encouraging t o  be able t o  f i t  the data so  wel l  with 

t h i s  simple model, the constants l i s t e d  i n  Table I must be in te rpre ted  

with some caution. Other and s ign i f i can t ly  d i f f e r e n t  values f o r  the  

rate constants lead t o  f i t s  only s l i g h t l y  poorer than  those obtained 

with t h e  values i n  Table I. 

0 
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Table I. Analysis of Growth Behavior. 

X 
S L 

k 

(A /min) 
P 

(A/min) (A) 
2 

Oxidation Conditions 

without bias (Fig. 1, Curve A )  1.87 x io 21.9 4300 5 

5Ov b ia s  (Fig.1, Curve B )  3.59 x 10 32.2 5600 5 

34.7 7900 3OOv bias (Fig. 1, Curve C )  5.46 x 10 5 

:- (Fig.2, Curve A )  7.70 x 10 60.3 6400 5 
without bias -ring 

5Ov bias-ring ) . 
3 0 0 ~  bias-ring (Fig.2, Curve B )  1.25 x i o  81.5 7700 

6 
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OXIDATION MECHANISM 

Despite t h e  mass of data that has been accumulated on the  

thermal oxidation of s i l i con ,  the mechanism of oxidation i s  not completely 

understood. Oxidation i n  a microwave discharge i s  considerably more com- 

plex and, a t  present,  we can only present a t en ta t ive  descr ipt ion of t he  

oxidation mechanism. 

It has been previously suggested and appears t o  be generally 

accepted that, i n  the  region of parabolic growth behavior, thermal oxi-  

dation of s i l i con  proceeds by diffusion of an oxygen species. Analysis 

of the grolith behavior i n  a microwave discharge ind ica tes  t h e  oxidation 

i s  e s sen t i a l ly  a diffusion l imited process and presumably an oxygen 

species i s  again t h e  migratory par t ic le .  

In  thermal oxidation the  growth rate i s  determined by the  

mobili ty of t he  d i f fus ing  species and the  concentration gradient of t he  

d i f fus ing  species across the  oxide film. Increasing e i t h e r  o r  both of 

these d i l l  r e s u l t  i n  a more rapid rate  of oxidation. 

temperature the  mobility of the diffusing species increases and the  con- 

centrat ion gradient of the  diffusing species may a l s o  increase. Relat ively 

high temperatures (1000-1200°C) a re  necessary t o  increase the mobili ty and 

concentration gradient su f f i c i en t ly  t o  achieve rapid thermal oxidation of 

s i l i con .  

With increasing 

If it i s  assumed that t h e  same migrating species i s  responsible 

f o r  t he rna l  growth and fo r  growth i n  a microwave discharge, then the  

mobili ty of t h i s  species w i l l  be very low a t  t h e  microwave oxidation 

25 
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temperature. 

discharge it would then be necessary f o r  the concentration gradient t o  

be very high.  Energetic bombardment of the sample by various exci ted 

species in  the  plasma can provide the energy necessary t o  promote the  

formation of the migrating species. However, our present understanding 

does not allow us t o  state whether t h i s  process could enhance the  con- 

centration of the migrating species suf f ic ien t ly  t o  account f o r  the 

rapid growth observed. 

bombardment of  the sample i n  the plasma promotes the formation of a 

different  and more mobile oxygen species. This more mobile species 

would not normally be present i n  suf f ic ien t  concentration t o  influence 

the thermal oxidation, but could account f o r  the rapid oxidation i n  the 

microwave discharge. 

To account f o r  the rapid oxide growth i n  the microwave 

An a l te rna te  poss ib i l i t y  is  t h a t  the  energetic 

It does appear t h a t  the rapid oxidation rate i n  the  microwave 

discharge i s  not primarily due t o  the presence of negative oxygen ions 

i n  the plasma as has been previously suggested.2 A t  least i n  the case 

where no voltage i s  applied t o  the electrode, the behavior of the  

electrodes w i l l  closely approximate the  behavior of ideal probes. 

insulated, the s i l i con  electrodes assume a negative po ten t i a l  with 

respect t o  the plasma. 

from the tail of the Boltzman d i s t r ibu t ion  w i l l  s t r i k e  the  electrodes 

(and sample). 

since pract ical ly  a l l  the negative ions are produced with only a f e w  

e lectron vol t s  of thermal energy. For s m a l l  applied poten t ia l s ,  i dea l  

probe theory should s t i l l  be va l id  and there  w i l l  again be no s igni f icant  

negative ion f l u x  t o  the  electrodes.  However, when the  applied po ten t i a l  

When 

Hence, only posi t ive ions and energetic e lectrons 

Very few,  if any, negative ions w i l l  s t r i k e  the  electrodes,  

I 
- a  I 

I 
I 
I 
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becomes large enough so that the d r i f t  current becomes comparable t o  

t h e  random electron and ion currents, ideal probe theory is  no longer ap- 

plicable.  Under these conditions the perturbations produced by the probe 

are no longer confined t o  a t h i n  space charge sheath surrounding the  

electrodes. Current i n  t he  double probe system i s  no longer l imited by 

the  random posi t ive ion current and can, i n  f ac t ,  be considerably enhanced 

by ionization and secondary electron emission. Significant contributions 

t o  t h e  anode current by negative i o n s  can be expected under these circum- 

stances. These conditions cer ta inly preva i l  when the  applied dc poten- 

t i a l  i s  about 300 v o l t s  and most probably even when the  p o t e n t i a l  i s  

about 50 volts .  The large currents flowing t o  the  anode impart addi t ional  

energy t o  the sample. This can serve t o  further promote the formation of 

the mobile oxygen species, increasing the concentration gradient and, 

hence, the growth rate. A t  the cathode, any enhancement of t he  oxidation 

rate i s  more than counterbalanced by the e f f e c t s  of energetic posi t ive 

ion bombardment, and a net  loss  of material  by sput ter ing i s  obtained. 

The influence of t he  negative oxygen ions flowing t o  the anode 

when a large external  b i a s  i s  applied t o  the electrodes may be two-fold. 

The mobile species may be one of the negative oxygen ions present i n  the  

plasma i n  sizable concentration. Those which s t r i k e  the  sample would then 

contribute d i r e c t l y  t o  increasing the concentration gradient. In addition, 

t h i s  negative ion, plus the others present i n  the plasma can also impart 

energy t o  the sample promoting the  formation of t he  mobile species. 

I 



OX IDE PROPERTIES 

Thermally grown s i l i con  dioxide films have been used so 

successfully i n  such a var ie ty  of device applications t h a t  they may 

serve as a standard t o  which s i l i c o n  oxides poduced by other tech- 

niques may be compared. 

Earlier investigations have established t h a t  when oxides 

produced by other techniques have in fe r io r  qua l i t i e s  from the  stand- 

point  of device fabrication, there are also s igni f icant  differences 
6 between various properties of these oxides and thermally grown oxides. 

For example, the infrared absorption spectra  of thermally grown s i l i c o n  

dioxide has an Si-0 s t re tching vibrat ional  band a t  9.3 p, a weaker Si-0 

s t re tching v ibra t iona l  band at  12.4 1, and an Si-0-Si bending v ibra t iona l  

band at 22 p. The posit ions and half  widths of these bands m a y  be 

expected t o  be strongly influenced by the  stoichiometry, defect s t ruc-  

ture, bond character, density, and porosi ty  of the film. Figures 5 

and 6 show the infrared spectra of s i l i c o n  oxide fi lms produced by four 

d i f fe ren t  techniques: microwave grown, thermally grown, anodically 

grown, and pyrolyt ical ly  deposited. 

Si-0 stretching band is tabulated f o r  these various oxides. For both 

the  anodic and pyrolytic oxides the  posi t ion of t h i s  band i s  s i g n i f i -  

cant ly  d i f fe ren t  from the posi t ion of t h i s  band f o r  the  thermal oxide. 

The posit ion of t h i s  band f o r  the microwave grown oxide is  indis t inguis-  

able from t h a t  of the thermally grown oxide. 

In  Table I1 the  posi t ion of one 

. '  I 
I 
1 

I 
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Table I1 a l s o  gives the results of our measurements of a number 

of other properties (etch r a t e ,  d i e l e c t r i c  strength, r e s i s t i v i t y )  which 

can be used as measures of the qual i ty  of oxide fi lms produced by various 

techniques. I n  these properties,  the microwave oxides are again ind is -  

tinguishable from those of thermal oxides. 

Capacitance versus voltage ( C-v ) measurements were a l s o  made 

on MQS capacitors fabricated using oxides grcwn i n  the microwave discharge. 

Detailed analysis of C-V character is t ics  of the MOS capacitors i s  given 

i n  the l i t e r a t u r e . 7  In the measurements made i n  t h i s  invest igat ion the  

small-signal high frequency (100 kc ) capacitance of the 140s capacitor 

was studied as a function of the applied dc b i a s  between the m e t a l  con- 

t a c t  and s i l i c o n  substrate (bias polar i ty  being defined as the  p o t e n t i a l  

of the metal contact with respect t o  the s i l i con  substrate) .  Variations 

i n  t h e  bias voltage change the c a r r i e r  concentration of the s i l i c o n  layer  

a t  the oxide-silicon interface.  A s  the bias i s  varied the change i n  

c a r r i e r  concentration from accumulation t o  depletion produces a change 

i n  the  capacitance of the MOS s t rccture  from a value given by the oxide 

layer  capacitance t o  a lower value given by the oxide capacitance i n  

series srith the depletion-layer capacitance. It i s  often convenient t o  

use  t he  f l a t  band poten t ia l  i n  describing the behavior of a MOS capacitor. 

A t  t h i s  p o t e n t i a l  the s i l i con  conduction and valence bands a r e  f la t  out 

t o  t he  oxide-silicon interface and the space charge i n  the s i l i con  i s  

zero. 

the f l a t  band condition can be calculated, assuming the oxide capacitance, 

s i l i c o n  doping, and the work function of the metal contact are known. 

The dc bias which must be applied t o  the MOS capacitor t o  produce 



. 

Table 11. Some Properties of Silicon Oxides 
Produced by Various Techniques 

Etch Rate Breakdown Infrared Spectra 
(p-etch)* Strength Wavelength Si-0 Resis t ivi ty  
(A/sec ) (v/cm) Stretching (p) O-cm) 

16 

16 

16 

microwave grown 2 3-7 x 10 9.3 0.1-5.0 x i o  

thermally grown 2 5-10 x i o  9.3 0.1-5.0 x i o  

anodically grown 30 7-11 x 10 9.7 0.1-1.0 x 10 

6 

6 

6 

1 5  deposited 10 4 x 10 9.35 0.003-1 x i o  6 pyrolytically 

* 
p-etch: 15  par t s  HF, 10 parts HNO and 300 par t s  %O. 3’ 
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Differences between the calculated vzlue of the f l a t  band p o t e n t i a l  and 

the value obtained from the measured C-V charac te r i s t ics  can be a t t r i b u t e d  

t o  charges i n  surface states at the interface,  and fixed or  mobile space- 

charges i n  the oxide. 

Figure 7 shows the C-V character is t ics  of an MOS capacitor 

fabricated using a microvave discharge oxide about l 8 O O A  th ick  grown on 

50 J-L-cm n-type s i l icon .  

aluminum dots  0.2 mm i n  diameter on t h e  oxide. The capacitor w a s  then 

mounted on a header and a gold x i r e  bonded t o  the metal dot. 

labelled "Microwave: Original" shows the charac te r i s t ics  of the sample 

a f t e r  fabr icat ion was completed. The MOS capacitor was then subjected 

t o  temperature-bias s t ress ing  following the usual procedure of applying 

the desired b i a s  t o  the  s t ructure ,  heating it t o  the desired temperature, 

allowing it t o  remain a t  t h i s  temperature f o r  the desired t i m e ,  cooling 

it t o  room temperature,and f i n a l l y  removing the bias. 

t e r i s t i c s  were then remeasured. 

20v" shows the C-V charac te r i s t ics  remeasured after the MOS capacitor w a s  

kept a t  a 150°C f o r  30 min with a posit ive p o t e n t i a l  of 2Ov applied across 

the capacitor. For comparison the r e s u l t s  obtained on a t y p i c a l  thermal 

oxide of about t he  same thickness are a l s o  shown. 

r e s u l t s  obtained on another MOS capacitor fabricated by the  same proce- 

dure using a microwave discharge oxide about 1800~ thick grown on 50 n - c m  
n-type s i l icon.  This capacitor was subjected t o  temperature -bias s t ress ing  

a t  2OO0C, with both posi t ive and negative bias voltages, as shown on the 

curve. 

This MOS capacitor w a s  fabricated by evaporating 

The curve 

The C-V charac- 

The curve labelled "Microwave: 30 min, l%"C,  

Figure 8 shows the  
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F i r s t  l e t  us consider t he  behavior of MOS capacitorsfabricated 

using the thermal oxide (see Fig. 7 ) .  The appl icat ion of pos i t ive  poten- 

t i a l  of 9 a t  150 C f o r  1 min resu l ted  i n  a la rge  negative s h i f t  i n  the  

f la t  band poten t ia l .  

150 C for  1 min resu l ted  i n  a smaller s h i f t ,  but t h i s  t i m e  i n  the 

posi t ive direct ion.  

ions i n  the oxide during the  temperature-bias treatment. 

s h i f t  i s  observed when the capacitor i s  subjected t o  pos i t ive  bias during 

the temperature-bias treatment, it has been concluded t h a t  these s h i f t s  

a r e  due t o  the  mor;ion of posi t ive ions.  

0 

The appl icat ion of a negative po ten t i a l  of 9 at  

0 

These s h i f t s  have been a t t r i bu ted  t o  the motion Of 

Since a l a rge r  

The most s ign i f icant  feature  exhibited by microwave grown MOS 

capacitors i s  that the  f la t  band po ten t i a l  s h i f t s  i n  the  negative d i r ec -  

t i on  with the appl icat ion of a negative b i a s  during temperature-bias 

treatment, and i n  the pos i t ive  d i rec t ion  with the  appl icat ion of a 

posi t ive bias. These r e s u l t s  indicate  t h a t  the  motion of mobile ions i n  

the oxide ( e i the r  pos i t ive  o r  negative) cannot be responsible f o r  the  

observed s h i f t s  i n  the  charac te r i s t ics .  I n  order f o r  the  C-V curves t o  

s h i f t  i n  t he  same d i rec t ion  as the  p o l a r i t y  of the  appl ied stress voltage, 

charge extract ion (or  i n j ec t ion )  must be occurring during the  stress cycle. 

The most d i r e c t  explanation i s  that surface states i n  the  oxide-sil icon 

interface region a r e  being f i l l e d  (or  emptied) during the  stress cycle 

and a r e  unable t o  r e l ax  s ign i f i can t ly  at room temperature once the  sample 

i s  cooled. icffects similar t o  t h i s  have been observed i n  wet chemical 

anodic oxides and i n  high temperature thermal oxides when grown i n  such 

a xay as t o  avoid the presence of mobile pos i t i ve  ions,  e.g., a l k a l i  ions. 

;\re conclude from these resu l t s  that the  p l a s m  grown oxides a r e  compara- 

t i v e l y  free  of mobile ion ic  impurit ies.  
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MICROWAVE DISCHARGE DEPOSITION 

In  ordinary dc sputtering a dc glow discharge is produced i n  

an i n e r t  gas, e.g., argon, by applying a large dc po ten t i a l  between an 

anode and cathode; energetic bombardment of the cathode by posi t ive ions 

sput te rs  material off the cathode. The sputtered material i s  deposited 

on a substrate  placed i n  close proximity t o  the cathode. In dc react ive 

sputtering, the i n e r t  gas is replaced by a reactive gas, e.g., oxygen. 

The materials deposited i n  a reactive sputtering process are usually 

compounds of the cathode (sputtering t a rge t )  and the react ive gas. 

the ordinary sputtering process, the dc poten t ia l  serves both t o  create  

the react ive plasma and t o  provide the energetic ions necessary f o r  sput- 

ter ing.  

be s ign i f icant ly  increased. 

made at higher r a t e s  then would be possible with dc sput ter ing alone. 

In  

By using a microwave generator, the reactive plasma density can 

This allows stoichiometric deposition t o  be 

In the microwave discharge deposition technique a s i l i c o n  rod 

serves as the sputtering ta rge t .  During the sputtering process posi t ive 

ion accumulation w i l l  occur on any oxide which has grown on th i s  sput ter ing 

t a rge t .  

d i e l e c t r i c  breakdown of the oxide. 

of s i l i c o n  and i t s  oxides then occur. 

l a t i o n  on the oxide produces an e l e c t r i c  f i e l d  which tends t o  repel 

approaching posi t ive ions, reducing the sputtering rate. This posi t ive 

ion accumulation can be prevented if an rf poten t ia l  is  applied t o  the  

t a rge t  instead of a dc potent ia l .  

the t a rge t  is  reversed every ha l f  cycle. 

e lectrons and negative ions s t r iking the t a rge t  neutral ize  any posi t ive 

This posi t ive ion accumulation can be la rge  enough t o  cause 

Violent sparking and vo la t i l i za t ion  

In  addition, posi t ive ion accumu- 

With an rf potent ia l  the polar i ty  of 

During the posi t ive half  cycle, 
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charge b u i l t  up during the negative half  cycle. 

accelerating poten t ia l  w a s  used on the sputtering t a rge t .  

For these reasons an rf 

The apparatus f o r  the microwave discharge deposition of s i l i -  

con oxide is  shown i n  Fig. 9 .  The e s sen t i a l  difference between t h i s  

apparatus and t h a t  used f o r  oxide growth i s  i n  the spacing of the s i l i c o n  

rods. For deposition, a rod spacing of 1 cm w a s  used, with the lower rod 

act ing as the sample pedestal  and the upper rod as the  t a rge t .  The out- 

put of an rf generator w a s  connected t o  the ta rge t  and capacit ively 

coupled t o  one arm of the discharge tube. Using a 4 Mc rf generator and 

with an  oxygen flow r a t e  of 50 cc/min, a pressure of 200 p, and a micro- 

wave power input of 800 vol ts ,  except f o r  a short  i n i t i a l  period w i t h  a 

higher rate of film formation, a constant deposition rate of 200 A/min 

w a s  obtained. Oxide growth during the  short  i n i t i a l  period accounts f o r  

the more rapid i n i t i a l  increase i n  thickness. Under these conditions 

oxides about 13,000 A thick have been deposited with no indicat ion t h a t  

any l imiting thickness ex i s t s .  Reduction of the  flow rate t o  1 t o  2 cc/min 

and the oxygen pressure t o  30 p had no s igni f icant  e f f e c t  on the deposition 

ra te ,  but substant ia l ly  reduced the oxide growth rate during the i n i t i a l  

period. 

Evaluation of the  propert ies  of these oxides i s  complicated by 

the  fac t  t h a t  the application of the rf po ten t i a l  t o  the t a r g e t  results 

i n  both the ta rge t  and the sample (but not t he  sample pedestal)  being 

heated t o  incadescence. Pyrometric measurements indicate  the t a rge t  t e m -  

perature is  1100°C and t h e  substrate  temperature 900°C. 

the  substrate temperature would not be expected t o  e f f e c t  the deposit ion 

rate, it might have a Significant e f fec t  on the  oxide propert ies .  

While lowering 
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Etch rate measurements on these oxides i n  p-etch (15 pa r t s  HF, 

10 parts HNO 

spectra of one of these oxides i s  shown i n  Fig. 10. 

and 300 pa r t s  H 0) gave a rate of 2 A/sec. The infrared 3’ 2 

The posi t ion of the 

Si-0 stretching vibrat ion is a t  9.3 IJ The oxides on some samples 

exhibited very low breakdown strengths (about 5 x 10 5 v/cm) . Other 

samples deposited under similar conditions yielded breakdown strengths  

of the order 1 x 10 

range o f  0.5 t o  5 x 10 A-cm.  

7 v/cm. The r e s i s t i v i t i e s  of the samples f e l l  i n  the 

16 Comparison of these results w i t h  those 

given in Table I, indicate tha t  i n  these properties the microwave depos- 

i t e d  oxides are  indistinguishable from thermally grown and microwave 

grown oxides. The low breakdown strength observed on some of microwave 

deposited oxides may be due t o  the presence of pinholes. 

The deposition technique yielded oxides reasonably uniform 

i n  film thickness. For example, on 6 mm square samples with oxide films 

about 2000 A thick,  the oxide w a s  about 200 t o  500 th icker  on one edge 

than on the  remainder of the sample. 

area of the  sample there was no s igni f icant  difference (less than 50 A) 

Over the  remaining 60 t o  90% of the 

i n  the oxide thickness. 

The C-V charac te r i s t ics  of MOS capacitors fabr icated using 

the deposited microwave oxides have been studied on only a f e w  samples. 

Figure 11 shows the  results obtained on anMOS capacitor fabr icated on 

an oxide 2300 A thick,  deposited on 50 A-cm n-type s i l i c o n  using an 

oxygen f l o w  r a t e  of 3 cc/mfn a t  a pressure of 35 p, w i t h  a microwave 

input power of 1000 watts. F l a t  band poten t ia l s  of between -20 and -25 

vol t s  were obtained on a number of NOS capacitors fabr icated from t h i s  

sample. 

of surface s t a t e s  o r  other causes is not ye t  clear. 

Whether t h i s  large f la t  band po ten t i a l  is  due t o  a high density 
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METAL-OX ID33 -S ILICON TRANSISTORS 

MOS f i e l d  e f f ec t  t ransis tors  were fabricated’. using both 

microwave grown and microwave deposited oxides. The devices w e r e  fab- 

r icated as follows: 

w a s  grown on 15 - --cm p-type s i l icon.  

photoresist  and windows opened where the source and drain regions w e r e  

t o  be formed. (c) A phosphorous pre-deposition followed by a drive-in 

w a s  performed. The source and drain regions after t h i s  s tep had junc- 

t i on  depths of approximately 3 p with sheet r e s i s t i v i t i e s  of 1 t o  2 ohms 

per square. 

( e )  A microwave oxide of between 1500 t o  2000 A thickness w a s  e i t he r  

grown or  deposited on the sample. 

photoresist and contact windows opened i n  the source and drain regions. 

(g) An aluminum layer  approximately 3000 A thick w a s  evaporated onto 

the sample. (h) The sample w a s  masked with photoresist  and aluminum 

contact areas delineated. 

devices mounted on headers. 

seconds i n  t h i s  mounting operation. ( j )  Gold wires w e r e  bonded t o  the 

source, gate, and drain aluminum contact areas. A bonding temperature 

of 325°C was used. 

(a) A thermal oxide approximately 6000 A thick 

(b) The oxide w a s  masked with 

(d) The sample w a s  etched t o  remove a l l  remaining oxides. 

( f )  The sample w a s  masked with 

(i) The sample w a s  diced and the individual 

The devices were heated t o  425°C f o r  45 

Fig. 12 is  a schematic drawing of the MOS t r ans i s to r  showing 

the dimensions of the device. Fig. 13 is a photomicrograph of the 

f inished device pr ior  t o  mounting on the header. 

A l l  devices a f t e r  mounting on the headers behaved as deple- 

t i o n  mode t ransis tors .  A t  zero b i a s  an n-type channel w a s  present 

7- 
Pre -exist  ing West inghouse photoresist masks were u t i l i zed .  
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Fig-  12 Schematic d r a w i n g  of MOS field effect transistor. 



Fig. 13 Photomicrograph of MOS f i e l d  effect 
transistor before mounting on header. 
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which could be depleted of electrons and the source t o  drain current 

reduced by application of negative gate bias. 

e l e c t r i c a l  charac te r i s t ics  of a device fabricated using a microwave 

grown oxide. 

MOS t r ans i s to r  fabr icated using a microwave grown oxide. The devices 

could be a l so  operated i n  the enhancement mode in  which the source t o  

drain current is increased by application of posi t ive bias .  

Fig. 14 shows the 

Fig. 1 5  is the e l e c t r i c a l  charac te r i s t ics  of another 

Figs. 16 and 17 show the e l e c t r i c a l  charac te r i s t ics  of the 

two devices fabricated using a microwave deposited oxide. 

devices from one s i l i con  chip with a deposited microwave oxide did 

not behave as  depletion mode t r ans i s to r s  pr ior  t o  mounting on headers. 

After mounting t h e i r  behavior w a s  s imilar  t o  the other devices. 

A f e w  

In general the charac te r i s t ic  of these devices are very 

similar t o  t h a t  of commercially available MOS f i e l d  e f f ec t  t r ans i s to r s .  

Fig. 18 i l l u s t r a t e s  the behavior of a device fabricated by the same 

procedure described above, except t h a t  a thermally grown oxide w a s  

used instead of a microwave oxide. 

The number of devices made w a s  too s m a l l  t o  a r r ive  a t  a 

s t a t i s t i c a l l y  va l id  f igure f o r  the y ie ld .  It w a s  observed, however, 

t h a t  a high proportion of the deviceshad leaky gates.  

par t icu lar ly  t rue  of the devices fabr icated using the  microwave de- 

posited oxide. The low breakdown strengths  observed on the same 

microwave deposited oxides, which may be due t o  the presence of pinholes,  

may account fo r  t h i s  behavior. 

This seemed 
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CONCLUSIONS 

The microwave discharge growth technique provides a process 

f o r  rapidly oxidizing s i l i c o n  at  temperatures estimated t o  be 500°C o r  

lower. 

dc poten t ia l  t o  the sample and by external  means which modify the 

plasma d is t r ibu t ion  and configuration. 

low temperatures corresponding t o  steam oxidation rates a t  1100°C can 

be obtained. 

The growth r a t e  can be enhanced both ‘cy the application Of a 

Rapid growth rates a t  these 

Samples with thick (10,000 A) thermal oxides become thinner 

ra ther  than thicker  when placed i n  the  microwave discharge. 

e f f ec t  is  a t t r ibu ted  t o  sputtering-off of the  oxide by energetic species 

i n  the  discharge. 

can be characterized by a rate l imi t ing  diffusion process modified by 

these sputtering e f fec ts .  

conditions has been analyzed using a simple model assuming parabolic 

growth behavior modified by a constant rate of oxide removal due t o  

sputtering. 

t h i s  two parameter model. 

This 

This and other results suggest t h a t  the oxide growth 

Observed growth rate da ta  under a var ie ty  of 

Very good f i t s  with the  observed data  are obtained using 

Quite uniform oxides have been grown on occasion i n  the 

microwave discharge. However, i n  the experimental set-up used, t he  

control  of the plasma d is t r ibu t ion  and configuration w a s  i n su f f i c i en t  

t o  enable uniform oxides t o  be grown consis tent ly  and reproducibly. 

It appears reasonable t o  assume by analogy with the  thermal 

oxidation process t h a t  the  oxidation i n  the microwave discharge proceeds 



by diffusion of an oxygen species. 

present i n  an oxygen plasma can be extracted f r o m  the plasma by 

application of an external  dc poten t ia l  and may contribute t o  the 

enhanced rate of oxidation observed when a posi t ive dc poten t ia l  is 

applied t o  the sample. However, probe theory indicates that few,  i f  

any, of the negative ions w i l l  reach the sample if no dc poten t ia l  

i s  applied t o  the  sample. Hence, the negative oxygen ions present 

i n  the plasma cannot account f o r  the rapid oxidation rates observed 

when no external  po ten t ia l  is applied t o  sample. 

sample by electrons and posi t ive ions can provide the energy necessary 

t o  promote the formation of the diff’using oxygen species. This 

energetic bombardment may create  a suf f ic ien t ly  large concentration 

of the diffusing species t o  account f o r  the  rapid oxidation even at 

these low temperatures. The diffusing species produced by the dis-  

charge may be a d i f fe ren t  and more mobile oxygen species than the 

diffusing species i n  the thermal oxidation of s i l i con .  

Negative oxygen ions which are 

Bombardment of the  

Various properties such as etch ra te ,  infrared spectra, 

breakdown strength,  and r e s i s t i v i t y  of microwave grown, thermally 

grown, anodically grown, and pyrolyt ical ly  deposited oxide have been 

measured. 

of the thermal oxides and the anodic o r  pyrolytic oxides, the micro- 

wave grown and thermally grown oxides w e r e  indistinguishable. 

While there w e r e  s ignif icant  differences i n  the properties 

From capacitance-voltage neasurements of MOS capacitors 

fabr icated using microwave grown oxides it w a s  found t h a t  these oxides 
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were qui te  s tab le  under temperature-bias s t ress ing.  The measurements 

a l so  showed t h a t  the  observed s m a l l  s h i f t s  under temperature-bias 

s t ress ing  were not due t o  the motion of mobile ions i n  the oxide. 

The microwave discharge deposition technique provides a 

process f o r  rapidly depositing s i l i c o n  dioxide t o  any desired thick- 

ness. An essent ia l ly  constant deposition rate, independent of oxide 

thickness, i s  obtained. Measurement of the oxide properties such as 

etch rate, infrared spectra, breakdown strength,  and r e s i s t i v i t y  in- 

dicate  no s igni f icant  differences from the propert ies  of thermal 

oxides. 

observed. 

However, on a number of samples low breakdown strengths were 

These may be due t o  the  presence of pinholes i n  the oxide. 

MOS f i e l d  t r ans i s to r s  were fabricated by conventional, 

masking, photoresist ,  and diffusion techniques on l 5 A - c m  p-type 

s i l icon .  

microwave deposited oxides behaved as depletion mode t r ans i s to r s .  

The devices could a l so  be operated i n  the enhancement mode. 

e l e c t r i c a l  charac te r i s t ics  of these devices were very similar t o  those 

of commercially available devices made using thermally grown oxides. 

Devices fabr icated using e i t h e r  the microwave grown o r  the 

The 
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